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Abstract 13 
This paper is a critical review of current knowledge of organic chloramines in water systems, 14 
including their formation, stability, toxicity, analytical methods for detection, and their 15 
impact on drinking water treatment and quality. The term organic chloramines may refer to 16 
any halogenated organic compounds measured as part of combined chlorine (the difference 17 
between the measured free and total chlorine concentrations), and may include N-18 
chloramines, N-chloramino acids, N-chloraldimines and N-chloramides. Organic chloramines 19 
can form when dissolved organic nitrogen or dissolved organic carbon react with either free 20 
chlorine or inorganic chloramines. They are potentially harmful to humans and may exist as 21 
an intermediates for other disinfection by-products. However, little information is available 22 
on the formation or occurrence of organic chloramines in water due to a number of 23 
challenges. One of the biggest challenges for the identification and quantification of organic 24 
chloramines in water systems is the lack of appropriate analytical methods. In addition, many 25 
of the organic chloramines that form during disinfection are unstable, which results in 26 
difficulties in sampling and detection. To-date research has focused on the study of organic 27 
monochloramines. However, given that breakpoint chlorination is commonly undertaken in 28 
water treatment systems, the formation of organic dichloramines should also be considered. 29 
Organic chloramines can be formed from many different precursors and pathways. Therefore, 30 
studying the occurrence of their precursors in water systems would enable better prediction 31 




Keywords: amino acids, disinfection by-products, organic chloramines, N-chloramine, 34 
drinking water quality, organic bromamines, organic iodamines  35 
 36 
Contents 37 
1.	  Introduction	  ........................................................................................................................................	  2	  38 
2.	  Formation	  and	  degradation	  of	  organic	  chloramines	  ..........................................................................	  4	  39 
2.1	  N-­‐Chloramines	  ..............................................................................................................................	  5	  40 
2.2	  N-­‐Chloramino	  acids	  ......................................................................................................................	  6	  41 
2.3	  N-­‐Chloramides	  ..............................................................................................................................	  8	  42 
2.4	  N-­‐Chloraldimines	  ..........................................................................................................................	  9	  43 
3.	  Analytical	  methods	  ...........................................................................................................................	  10	  44 
3.1	  Impact	  of	  organic	  chloramines	  on	  the	  determination	  of	  free	  chlorine	  and	  inorganic	  chloramine	  45 
using	  the	  DPD	  method	  .....................................................................................................................	  10	  46 
3.2	  Detection	  methods	  for	  organic	  chloramines	  ..............................................................................	  11	  47 
3.3	  Challenges	  for	  the	  analysis	  of	  organic	  chloramines	  in	  real	  water	  ..............................................	  12	  48 
4.	  Toxicology	  of	  organic	  chloramines	  ...................................................................................................	  13	  49 
5.	  Occurrence	  of	  organic	  chloramines	  and	  impact	  on	  water	  treatment	  and	  quality	  ...........................	  16	  50 
5.1	  Occurrence	  of	  organic	  chloramines	  ............................................................................................	  16	  51 
5.2	  Implications	  for	  water	  treatment	  ...............................................................................................	  17	  52 
5.3	  In	  vivo	  and	  in	  situ	  formation	  of	  organic	  chloramines	  and	  other	  DBPs	  .......................................	  17	  53 
6.	  Conclusions	  and	  Recommendations	  ................................................................................................	  18	  54 
Acknowledgements	  ..............................................................................................................................	  19	  55 
References	  ............................................................................................................................................	  19	  56 
 57 
1. Introduction 58 
Water disinfection is a crucial step in the production of safe drinking water, whereby 59 
pathogenic microorganisms are removed or deactivated by either physical or chemical means. 60 
Some disinfection processes also provide a disinfectant residual to prevent microbial 61 
regrowth during water distribution, where the presence of a disinfectant residual is more 62 
important for large distribution systems with long retention times or when the replacement of 63 
distribution system pipes is infrequent (more than 50 years) (Rosario-Ortiz et al., 2016). 64 
Chlorination and chloramination are the most widely used disinfection practices in the world 65 
because they are effective, inexpensive, and provide disinfectant residual within the 66 
distribution system. However, while chlorine and chloramine are effective in deactivating 67 
pathogens, they also react readily with inorganic and dissolved organic matter present in the 68 
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water to form unintended disinfection by-products (DBPs) (McMahen et al., 2016; Reckhow 69 
et al., 1990).  70 
Since the discovery of DBPs in chlorinated drinking water in the early 1970s, extensive 71 
research has been undertaken to understand the formation of DBPs and their management 72 
(Richardson, 2003). While more than 600 DBPs have now been identified, minimal 73 
information on occurrence and toxicology is available for most DBPs. Furthermore, the 74 
fraction of DBPs that have been quantified in drinking water typically accounts for less than 75 
40% of total organic halogen (Krasner et al., 2006). One group of DBPs that have not been 76 
extensively studied are nitrogenous disinfection by-products (N-DBPs). However, interest in 77 
N-DBPs has grown recently with studies showing that some N-DBPs are more genotoxic and 78 
cytotoxic than the currently regulated DBPs by several orders of magnitude (Muellner et al., 79 
2007; Plewa et al., 2004; 2008). In particular, haloacetamides, halonitriles, heterocyclic 80 
amines and organic halamines were identified to be of highest interest from a potential 81 
toxicity perspective (Bull et al., 2011). Within these classes of DBPs, the toxicity has been 82 
reported to increase from the chlorine analogue to the bromine analogue and then to the 83 
iodine analogue, with the iodine analogue being the most toxic (Plewa et al., 2010). 84 
Organic chloramines (more accurately referred to as organic N-chloramines) are 85 
compounds that contain at least one chlorine atom directly bonded to an amine nitrogen atom 86 
in an organic molecule. In the water industry, the term ‘organic chloramines’ typically refers 87 
to any organic halogen compounds measured as combined chlorine, the difference between 88 
the measured free and total chlorine concentration (Fig. 1). However this fraction can include 89 
a number of different chlorinated species. In this review, we refer to ‘organic chloramines’ as 90 
a collective term for N-chloramines, N-chloramino acids, N-chloraldimines and N-91 
chloramides, where N-chloramines and N-chloramino acids are organic chloramines formed 92 
from amines or from amino acids, respectively. The structures and precursors of these four 93 
classes are presented in Table 1. 94 
In this review we critically analyse the current knowledge of organic chloramines in 95 
water systems including their formation, stability and toxicity of organic chloramines, 96 
analytical methods for detection, and their impact on drinking water treatment and quality. 97 
While most of the literature available to-date has focussed on organic chloramines, 98 




2. Formation and degradation of organic chloramines  101 
Organic chloramines can form when dissolved organic nitrogen (DON) or dissolved organic 102 
carbon (DOC) react with either free chlorine (Hunter and Faust, 1967) or inorganic 103 
chloramines (Isaac and Morris, 1983; Snyder, 1982). The reaction is much quicker with 104 
chlorine than with chloramines. For example, chlorination of natural organic matter (NOM) 105 
isolates produced maximum concentrations of organic chloramines within 10 minutes, but 106 
maximum concentrations after chloramination were reached after 120 hours (Lee and 107 
Westerhoff, 2009). The formation of organic chloramines after both chlorination and 108 
chloramination was found to increase with increasing DON/DOC ratio (Lee and Westerhoff, 109 
2009). In another study by Zhang et al. (2016), organic chloramine formation from algal 110 
organic matter reached its maximum concentration contributing to 79.1% of total chlorine 111 
measured 8 hours after chlorination, while reaching maximum concentration contributing to 112 
22.1% of total chlorine 24 hours after chloramination. The study by Zhang et al. (2016), also 113 
show that the concentration of organic chloramines during chlorination was the highest at the 114 
start and to decrease over time, while the concentration of organic chloramines slowly 115 
increase over time. 116 
The formation of organic chloramines is favoured at high pH (Saunier, 1979), while the 117 
reaction kinetics vary for different nitrogen precursors (Table 2). For example, the rates of 118 
reaction of free chlorine with amino acids and organic amines are between 2 and 80 times 119 
faster than the rate of reaction of free chlorine with ammonia (Hunter and Faust, 1967; Yoon 120 
and Jensen, 1993). In contrast, amides react very slowly with chlorine (Hureiki et al., 1994), 121 
typically nine order of magnitudes slower than the reaction with ammonia (Table 2). Once 122 
formed, organic chloramines are less likely to undergo hydrolysis (k < 10-5 s-1) (Yoon and 123 
Jensen, 1993) than inorganic chloramines (k = 2.1 × 10-5 s-1) (Morris and Isaac, 1983). This 124 
suggests that organic chloramines are more stable in water than inorganic chloramines.  125 
The formation of organic monochloramines and/or organic dichloramines from 126 
chlorination or chloramination is controlled by the chlorine to nitrogen ratio and also by the 127 
presence of secondary functional groups in the organic compound that may also react with 128 
the chlorine-based oxidant (How et al., 2016b, 2017; Shang et al., 2000). Of note, breakpoint 129 
chlorination can only be achieved after the formation of organic dichloramines, as the 130 
complete chlorine demand of the organic compounds present must be satisfied before residual 131 
free chlorine will be present in the water system.  132 
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Organic bromamines, the bromine analogues of organic chloramines, are formed when 133 
organic matter, such as amines or amino acids, reacts with hypobromous acid (Antelo et al., 134 
1993; 1986) or inorganic bromamines (Simon et al., 2015). Simon et al. (2015) found that the 135 
bromination of amino acids (k = 132 to 704 L/mol·s) was about 400 times faster than the 136 
chloramination of amino acids (k = 0.71 to 2.13 L/mol·s). Similar to inorganic bromamines, 137 
organic bromamines are less stable than their chlorine analogues (Antelo et al., 1993; 1986). 138 
To date there have been no reports of the formation or degradation of organic iodamines in 139 
water systems. 140 
After formation, organic chloramines can degrade to numerous disinfection by-products 141 
including aldehydes and nitriles (Nweke and Scully, 1989). Many factors can affect the 142 
stability of organic chloramines. For example, an increase in acidity of the amine nitrogen 143 
reduces organic chloramine stability (Pitman et al., 1969). The presence of an α-hydrogen can 144 
promote the degradation of organic chloramines through dehydrohalogenation (Hui and 145 
Debiemme-Chouvy, 2013), while UV irradiation may also accelerate organic chloramine 146 
degradation (Zhang et al., 2016). The formation and degradation of specific classes of organic 147 
chloramines are discussed in the following sections.  148 
 149 
2.1 N-Chloramines 150 
Primary and secondary amines react rapidly with free chlorine to form N-chloramines (Abia 151 
et al. 1998). The rate constants for the reaction with chlorine range between 107 and 108 152 
L/mol·s for primary and secondary amines (Table 2). Tertiary amines react with free chlorine 153 
to form N-chlorinated quaternary ammonium salts, rather than N-chloramines, with much 154 
lower rate constants (103 - 104 L/mol·s) (Abia et al. 1998). Common primary and secondary 155 
amines, like methylamine, dimethylamine, diethylamine and ethylamine, and some 156 
heterocyclic amines (piperidine and pyrrolidine) have been found in drinking waters (Scully 157 
and Bempong, 1982; Wang et al., 2011). Primary and secondary amines, histamine, 158 
ethanolamine, propylamine and pyrrolidine, have been previously identified in human urine 159 
(Perry et al., 1962) and may be present in wastewaters. When drinking water or wastewater is 160 
chlorinated, these amines can form N-chloramines. While alkanolamines such as 161 
ethanolamine have both hydroxyl and amine functional groups, the hydroxyl functional group 162 
has negligible reactivity with chlorine (Prütz, 1996) and thus they can be considered to react 163 
to form N-chloralkanolamines. 164 
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Considering self-decay by hydrolysis only, N-chloramines have been found to be more 165 
stable than inorganic chloramines (How et al., 2016b; Scully and Bempong, 1982) (Table 3).  166 
For example, the half-lives of N-chloropiperidine and N-chlorodiethylamine were both more 167 
than 2 days (Scully and Bempong, 1982), while inorganic monochloramine have half-lives of 168 
around 9 hours(Isaac and Morris, 1983). N-Chloramines degrade more quickly when the pH 169 
is greater than 10 or less than 7 due to acid/base catalysis (Antelo et al., 1996).  170 
The mechanism of N-chloramine degradation involves β-elimination of HCl to form an 171 
imine that hydrolyses rapidly to an aldehyde or a ketone (Fig. 2) (Antelo et al., 1996). The 172 
degradation mechanism for N-chloralkanolamines is an E1 reaction (two-step elimination 173 
reaction mechanism) which involves the formation of a nitrenium ion and subsequent loss of 174 
the α-carbon substituent, but ultimately results in the same by-products as an N-chloramine 175 
(Fig. 2) (Antelo et al., 1996). 176 
 177 
2.2 N-Chloramino acids 178 
The N-chloramino acids are the most widely studied organic chloramines, because they 179 
form from the reaction of free chlorine and amino acids. Amino acids are considered the main 180 
constituent of DON (Ellis and Soper, 1954; Yoon and Jensen, 1993), and may be present in 181 
natural waters as ‘free’ amino acids, or as ‘combined’ amino acids in the form of peptides 182 
and proteins. Amino acids have been found to contribute up to 75% of DON (Westerhoff and 183 
Mash, 2002), especially in waters impacted by algae or sewage effluent. Studies have also 184 
shown that free amino acids are poorly removed during biological filtration (Prevost, 1998), 185 
and the concentration of free amino acids might even increase after sand filtration (LeCloirec 186 
et al., 1986), hence it is likely that free amino acids will be present in waters during 187 
disinfection. The reported reaction pathways of free amino acids with chlorine are presented 188 
in Fig. 3. The free amino acids would first react with the chlorine to form N-monochloramino 189 
acids which would then be chlorinated at a slower rate to form N,N-dichloramino acids (How 190 
et al., 2017) (Table 2),. Similar to free amino acids, combined amino acids such as peptides 191 
have also been found to react with free chlorine through a stepwise reaction forming N-192 
monochloropeptides, and then N,N-dichloropeptides. It has also been suggested than N,N-193 
dichloropeptides can be formed from the chlorine transfer from N-Cl compounds (Bergt et 194 
al., 2004; Domigan et al., 1995), i.e. chloramination from an N-monochloropeptide. Once 195 
formed, N-monochloropeptides have been found to be stable for more than 48 hours  (Huang 196 
et al., 2017; Jensen et al., 1999) (Table 3), while N,N-dichloropeptides have been found to be 197 
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stable from 5 hours to more than 24 hours (Fox et al., 1997; Huang et al., 2017; Keefe et al., 198 
1997) (Table 3). 199 
The rate constants of formation of N-chloroamino acids from chlorinations of 200 
carbonaceous free amino acids range between 107 and 108 L/mol·s (Table 2), which is slower 201 
than the rate constants of formation of N-chloroamino acids from sulfur-containing amino 202 
acids (108 and 109 L/mol·s). While the reaction between sulfur-containing amino acids and 203 
chlorine is much faster than with carbonaceous amino acid, sulfur-containing amino acids 204 
only form N-chloramino acids at higher chlorine to amino acid ratios, due the higher 205 
reactivity of the sulfur to chlorine (Shang et al., 2000). 206 
The half-lives of N-monochloramino acids are summarized in Table 3, and have been 207 
found to vary from 0.01 hours to greater than 96 hours (Armesto et al., 1996; Hand et al., 208 
1983; How et al., 2016b; Li et al., 2011a). As illustrated by the rate constants in Table 3, 209 
most N-monochloramino acids are less stable than N-monochloramines, with the N-210 
monochloramino acids exhibiting half-lives of less than 90 min (k < 1.3 × 10-4 s-1) (How et 211 
al., 2016b) (Table 3). Amino acids with a more basic amine nitrogen may be expected to be 212 
more stable, given the suggestion by Pitman et al. (1969) that, in general, a more basic amine 213 
would form a more stable organic chloramine. However there is no trend between the pKa of 214 
the amine nitrogen and the stability of the N-monochloramino acids (Table 3). The stability 215 
of N-chloramino acids (e.g. of alanine) is highly influenced by the presence and reactivity of 216 
the α-hydrogen (α to the acid group); more reactive α-hydrogens result in less stable N-217 
chloramino acids (Hui and Debiemme-Chouvy, 2013). N-Chloramino acids with two 218 
substituents at the α position to the acid functional group (e.g. α-aminoisobutyric acid) have 219 
been reported to be the least stable (Hand et al., 1983). Among N-chloramino acids with the 220 
same number of substituents, a larger substituent is also reported to reduce stability (Hand et 221 
al., 1983), e.g. α-aminoisobutyric acid is less stable than proline. The type of acid group in an 222 
amino acid was also found to impact the stability of the N-chloramino acids, and amino 223 
sulfonic acids reportedly form more stable N-chloramino acids than amino carboxylic acids 224 
(Gottardi and Nagl, 2010). In contrast, pH appears to have little impact on the stability of N-225 
chloramino acids, since no significant change in the rate of decomposition of N-chloramino 226 
acids has been observed with changing pH (Hui and Debiemme-Chouvy, 2013).  227 
N,N-Dichloramino acids are less stable than their analogous N-monochloramino acids 228 
(Coker et al., 2008), possibly due to the increased likelihood of dehalogenation. The stability 229 
of the N,N-dichloramino acids is also reported to be influenced by the substituent(s) on the α-230 
carbon, similar to the trend observed for N-monochloramino acids (Coker et al., 2008). 231 
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2.3 N-Chloramides 232 
N-Chloramides form from the chlorination or chloramination of amides, or as a minor 233 
product from the chloramination of aldehydes. The rates of formation of N-chloramides from 234 
chlorination and chloramination of amides are reported to be very slow (Deborde and von 235 
Gunten, 2008; Jensen et al., 1999; Thomm and Wayman, 1969), with formation rate constants 236 
ranging from 1.70 × 10-3 to 0.075 L/mol·s at pH 7-8 and temperature 20-25 ºC, typical of 237 
conditions expected during water disinfection (Table 2). Alternatively, N-chloramides can be 238 
formed from the chloramination of aldehydes (Kimura et al., 2013). As illustrated in Fig. 4, 239 
an aldehyde can react with inorganic monochloramine to form an N-chloralkanolamine, 240 
which can either react with inorganic monochloramine to form an N-chloramide or undergo 241 
dehydration to form a N-chloraldimine. This alternative pathway for the formation of N-242 
chloramide is much faster than chlorination of most amides, with the rate constant for 243 
chloramination of acetaldehyde being 24.3 L/mol·s at 25 ºC. However, in the competitive 244 
reactions from the aldehydes, the formation of the N-chloraldimine is reported to be preferred 245 
(Kimura et al., 2015), as the dehydration of the N-chloralkanolamine is more favourable than 246 
the oxidation of the N-chloralkanolamine by inorganic monochloramine. 247 
The formation of N-chloramides through the chlorination of haloacetonitriles, followed 248 
by hydrolysis of the N-chloramides into the haloacetic acids, was proposed by Yu and 249 
Reckhow (2015). The formation rate constants of N-chloramides from the chlorination of the 250 
corresponding haloacetonitriles (Table 2) were generally one to four magnitude faster than 251 
from the chlorination or chloramination of haloacetamides, or from the chloramination of 252 
aldehydes (Kimura et al., 2015). In addition, it was also shown that for haloacetonitriles, the 253 
greater the extent of halide substitution, the higher the rate of reaction between the 254 
haloacetonitrile and chlorine (Table 2). As haloacetonitriles are commonly found in treated 255 
waters (Bond et al., 2015), the formation of N-chloramides from haloacetonitriles could be a 256 
significant source of organic chloramines in treated waters. 257 
Although no experimental data on the stability of N-chloramides is available, they are 258 
predicted to be less stable than N-chloramines based on their hydrolysis constants; the 259 
hydrolysis constant of N-chloramides is 10-9 L/mol·s while N-chloramine is 10-12 L/mol·s 260 
(Qian and Sun, 2003). But N-chloramides are more stable than the N-chloramino acids, which 261 




2.4 N-Chloraldimines 264 
N-Chloraldimines can be formed by either the decarboxylation and dehydrohalogenation of 265 
N,N-dichloramino acids (Fig. 3) or by the chloramination of aldehydes (Figs. 3 and 4) 266 
(Kimura et al., 2015; Nweke and Scully, 1989; Pedersen et al., 1999), and therefore result 267 
from the presence of amino acids. N-Chloraldimines are often considered as intermediates in 268 
the formation of nitriles (Figs. 3 and 4). The formation of N-chloraldimines from aldehydes 269 
is reported to first involve a rapid, but reversible, reaction with inorganic monochloramine to 270 
form an N-chloralkanolamine, which then undergoes slow dehydration to the N-chloraldimine 271 
(Pedersen et al., 1999). Rate constants for the chloramination of acetaldehyde and 272 
chloroacetaldehyde are reported in Table 2. The rate of dehydration is the rate limiting step 273 
(Pedersen et al., 1999), and the rate constant for this step ranges from 1.24 to 277 L/mol·s, 274 
depending on the aldehyde species, temperature, and pH (Kimura et al., 2015; Pedersen et al., 275 
1999). Overall, the formation of N-chloraldimines from chloramination of aldehydes is 276 
reported to be slow. The rate constant for the formation of the N-chloraldimine from 277 
chloramination of acetaldehyde was found to be 9.8 × 10-3 L/mol·s at pH 6.5 by Scully et al. 278 
(1997) and 23.2 L/mol·s at pH 7.8 by Kimura et al. (2015). The rate constant of the reaction 279 
between inorganic monochloramine and acetaldehyde has been found to increase with both 280 
increasing pH (7.8 to 9.8), due to base catalysis (Kimura et al., 2015), and decreasing pH (6.5 281 
to 5.0) due to acid catalysis (Scully et al., 1997). 282 
Despite being considered as intermediates, N-chloraldimines have been found to be very 283 
stable (half-lives of more than 60 minutes) in the absence of ammonia (Nweke and Scully, 284 
1989). In a study by Brosillon et al. (2009), N-chloroisobutyraldimine, N-chloro-3-285 
methylbutan-1-imine and N-chloro-2-methylbutan-1-imine were found in a drinking water 286 
distribution network after more than 20 hours of chlorine contact time. Interestingly, N-287 
chloraldimines could contribute to off-flavours in drinking water. The odour threshold 288 
concentrations of N-chloroisobutyraldimine and N-chloro-3-methylbutan-1-imine were found 289 
to be 0.2 and 0.25 µg/L, respectively (Freuze et al., 2005). Thus, among the four classes of 290 
organic chloramines discussed, N-chloraldimines could be considered to be of the highest 291 
interest for drinking water, due to their stability, their odorous properties and the abundance 292 




3. Analytical methods  295 
A variety of analytical methods have been used for the detection of organic chloramines in 296 
water, either as a bulk parameter (i.e., all organic chloramines) or as individual compounds 297 
(Table 4). Organic chloramines behave identically to inorganic chloramines 298 
(monochloramine, dichloramine, trichloramine) in most available analytical methods for 299 
determining concentrations of inorganic chloramines in aqueous solutions, including standard 300 
colorimetric methods (iodometric titration and the DPD (N,N-diethyl-p-phenylenediamine) 301 
method) and UV-based methods (Smallwood et al., 1994). Indeed, none of the standard 302 
methods for the analysis of chloramines can distinguish between organic and inorganic 303 
chloramines (Black & Veatch Corporation, 2010; Donnermair and Blatchley, 2003; Lee et al., 304 
2007; Tao et al., 2008). This may lead to an overestimation of the true concentration of 305 
inorganic chloramines in samples containing large amounts of nitrogen-containing organic 306 
matter (Scully et al., 1996). 307 
 308 
3.1 Impact of organic chloramines on the determination of free chlorine and 309 
inorganic chloramine using the DPD method 310 
 311 
At high concentrations, organic chloramines may be measured as free chlorine residual using 312 
the DPD method (Jensen and Johnson, 1990), and combined chlorine concentrations higher 313 
than 0.5 mg/L are considered to interfere in the measurement of free chlorine by this method 314 
(Eaton, 2005). This interference may result in an overestimation of free chlorine 315 
concentration. How et al. (2016a) has also shown that high concentrations of organic 316 
chloramines (> 4 mg/L as Cl) result in high variability in free chlorine measurements, and 317 
that the addition of thioacetamide immediately after the DPD reagent to stop the reaction 318 
between the DPD reagent and the oxidant did not reduce this variability. However, sodium 319 
arsenite has been found to quench free chlorine and inorganic chloramines without quenching 320 
most of the organic chloramines, which then allows for their quantification by the DPD 321 
method (Zhang et al., 2015). Although a pre-column derivatisation follow by liquid 322 
chromatography and fluorescence detection has been used to distinguish between inorganic 323 
chloramines and organic chloramines, this method cannot differentiate between 324 
monochloramine and dichloramine (Scully et al., 1984). To date, the only analytical 325 
technique that has been able to explicitly differentiate between free chlorine, individual 326 
inorganic chloramines and organic chloramines (as a bulk parameter) is membrane 327 
introduction mass spectrometry (MIMS) (Ferriol et al., 1991; Shang et al., 2000). However, 328 
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even MIMS relies on the assumption that no other oxidative species (such as bromamine) is 329 
present in the water samples because the concentration of organic chloramines was still 330 
calculated indirectly by subtracting the concentration of free chlorine and individual 331 
inorganic chloramines from the total chlorine (oxidant) concentration. 332 
 333 
3.2 Detection methods for organic chloramines 334 
The DPD method has been used to determine if all free chlorine has reacted (Li et al., 2011a; 335 
Scully and Bempong, 1982), and to monitor the formation and degradation of organic 336 
chloramines (Laingam et al., 2012; Li et al., 2011a), by monitoring the change in 337 
concentration of combined chlorine in the samples over time with the assumptions of 1) all 338 
combined chlorine measured is organic chloramines and 2) the concentration of organic 339 
chloramines does not interfere with the measurement of free chlorine (i.e. < 0.5 mg/L). Direct 340 
UV detection has been also used for the analysis of pure solutions of individual organic 341 
chloramines and bromamines (Antelo et al., 1999; Antelo et al., 1995; Olszanecki and 342 
Marcinkiewicz, 2004). The maximum absorbance of organic chloramines is around 250 nm 343 
with molar extinction coefficients ranging from 350 to 380 L/mol·cm, while the maximum 344 
absorbance of organic bromamines is around 290 nm with molar extinction coefficients 345 
between 430 to 470 L/mol·cm (Antelo et al., 1993).  346 
Typically, N-chloramino acids and N-chloramines in ultrapure water have been analysed 347 
using liquid chromatography (LC) coupled with detection using 1) a mass spectrometer (MS) 348 
(How et al., 2016b; Li et al., 2011a; Li et al., 2010; Takats et al., 2001; Yang et al., 2010); 2) 349 
derivatisation with UV-Vis or fluorescence detection (Furness-Green et al., 1998; Scully et 350 
al., 1984);  3) post-column electrochemical detection (Bedner et al., 2002) and 4) adsorption-351 
pyrolysis method for pure N-chloramino acids samples where the N-chloramino acids were 352 
measured as total organic chlorine (Li et al., 2011b). Derivatisation of N-chloramines and N-353 
chloramino acids followed by UV-Vis or fluorescence detection has been used for screening 354 
N-chloramines and N-chloramino acids in water, while mass spectrometry is more suitable 355 
for analysis of individual species (Li et al., 2011a). MIMS has also been used for the 356 
detection of N-chloramines formed from 2-aminobutane and 1,3-diaminoproane (Kotiaho et 357 
al., 1991). 358 
Generally, detection of N-chloraldimines has used gas chromatography coupled with a 359 
mass spectrometer (GC-MS), with either liquid injection or headspace sample introduction. 360 
This is consistent with the higher volatility of N-chloraldimines compared to N-chloramino 361 
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acids. N-chloroisobutaldimine, N-chloro-3-methylbutan-1-imine, N-chloro-2-methylbutan-1-362 
imine and N-chlorophenylacetaldimine were detected by Conyers et al. (1993) from 363 
chlorination formation potential experiments using wastewater using GC-MS direct 364 
headspace injection followed by GC-MS analysis. In another study by Brosillon et al. (2009), 365 
N-chloroisobutaldimine, N-chloro-3-methylbutan-1-imine, N-chloro-2-methylbutan-1-imine 366 
and N-chlorophenylacetaldimine were detected in drinking water using purge and trap GC-367 
MS. N-chloroacetamide was detected by direct injection of samples followed by double 368 
focusing mass spectrometry (Kimura et al., 2015) by while N-chloro-2,2-chloroacetamidewas 369 
detected by LC-MS in negative mode (Yu and Reckhow, 2017). Recently, Huang et al. 370 
(2017) reported the identification of N-chloropeptides in drinking water using solid phase 371 
extraction followed by LC-MS analysis. 372 
 373 
3.3 Challenges for the analysis of organic chloramines in real water 374 
Despite the existence of published methods for all classes of organic chloramines reviewed in 375 
this study, most analytical methods have not been used for analysis of real water samples. 376 
Further improvements in the analytical procedure for the extraction and isolation of organic 377 
chloramines is required to reduce the impact of matrix effects. In addition, detection methods 378 
with higher sensitivity are required for the analysis of organic chloramines at the 379 
concentrations found in real water samples. As seen from Table 3, many organic chloramines 380 
are unstable, especially the N-chloramino acids, and therefore rapid extraction methods (i.e., 381 
< 45 min) are required. The sample preparation methods used for the extraction of organic 382 
chloramines to date are listed in Table 5. The derivatisation of some organic chloramines 383 
using 5-dimethylaminonaphthalene-1-sulfonic acid (DANSO2H) produces highly fluorescent 384 
derivatives, allowing them to be measured using a LC coupled with a fluorescence detector. 385 
However, the derivatisation process is complex and long (Scully et al., 1984), has low 386 
recovery of <26% (Jersey et al., 1990) and significant matrix interferences (Jersey et al., 387 
1990; Scully et al., 1984; Tao et al., 2008) and therefore practical use of the derivatisation for 388 
organic chloramine analysis is limited. 389 
An additional challenge for the analysis of organic chloramines is the effect of oxidant 390 
quenching, a common procedure for water samples that contain free chlorine or other 391 
oxidants. Quenching of the oxidant residual is typically undertaken to prevent further 392 
formation of DBPs during the holding time between sample collection and analysis (Kristiana 393 
et al., 2014). Most of the commonly used quenching agents in water analysis (e.g. ascorbic 394 
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acid, sodium sulphite and sodium thiosulfate) are reducing agents, and therefore ‘quench’ the 395 
disinfectant (the oxidant) through a redox reaction (Kristiana et al., 2014). Some organic 396 
chloramines are also oxidants, and thus quenching transforms these organic chloramines into 397 
other by-products. For example, addition of a quenching agent (sodium thiosulfate) has been 398 
found to cause the reduction of N-chloroacetamide to acetamide (Kimura et al., 2015). The 399 
conversion of organic chloramines into other by-products via quenching therefore alters the 400 
concentrations and distribution of DBPs in the sample (Kimura et al., 2015) and results in the 401 
false negative detection of organic chloramines. Therefore, the use of quenching agents 402 
should be avoided when possible. Sodium arsenite and 50% formic acid have been used to 403 
quench free chlorine and inorganic chloramines, without quenching most of the organic 404 
chloramines which then allows for their detection or quantification (Huang et al., 2017; 405 
Zhang et al., 2015). On the other hand, without the use of quenching agents, oxidants such as 406 
residual chlorine or inorganic monochloramines, and even the organic chloramines 407 
themselves, may damage the analytical column in both LC and GC, GC injector and the MS 408 
source if GC-MS is use after constant exposure to the oxidant. Thus the decision to use 409 
quenching agents should be made on a case by case basis, depending on the analytes of 410 
interest, and considering the potential information obtained and the potential damage to LC or 411 
GC column and other components of the analytical instrument. 412 
Finally, there are no reported analytical standards for purchase, and this limits the 413 
number of organic chloramines that can be identified and accurately quantified. The 414 
relatively short half-lives of some organic chloramines mean that analytical standards also 415 
have short shelf-life, and standards must be made in-house and used immediately after 416 
verification. This means that verification of methods through standard traceability studies and 417 
use of certified reference materials is generally not possible. Only two limits of detection for 418 
organic chloramines have been reported. The limit of detection of N-chloropiperidine being 419 
around 1 µM LC-post column derivatisation and fluorescence detection , while the limit of 420 
detection of N-chlorophenylalanine was 50 µM using LC-UV (λ = 254 nm) (Freuze et al., 421 
2004). 422 
 423 
4. Toxicology of organic chloramines 424 
Although water-related toxicological studies of organic chloramines are limited, several 425 
biomedical studies describing the potential adverse health effects of organic chloramines 426 
have been published. In the human body, inflammation is reported to cause generation of 427 
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HOCl from activated phagocytes, which can then react with amino acids, peptides, or 428 
proteins (Hawkins and Davies, 1999; Hawkins et al., 2003). The formation of organic 429 
chloramines from such reactions can result in tissue damage (Hawkins and Davies, 1999; 430 
Hawkins et al., 2003) and/or RNA and DNA damage (Hawkins and Davies, 2002), which can 431 
ultimately contribute to aging and cancers (Ames, 1989; Hoeijmakers, 2009). The principal 432 
mechanism for the toxicity of organic chloramines is not well understood. Grisham et al. 433 
(1984) hypothesised that organic chloramines convert to toxic forms when in contact with 434 
cells, while Cemeli et al. (2006) attributed measured cytotoxicity and genotoxicity to cellular 435 
oxidative stress. Studies have shown that organic chloramines produced from the reaction of 436 
HOCl and plasma proteins give rise to aminyl radicals (Hawkins and Davies, 1999) which 437 
result in radical-induced damage to DNA (Sortino et al., 1999). Oxidative damage was 438 
reported in collagen treated with organic chloramines (Davies et al., 1993). It has previously 439 
been found that an electrophilic nitrogen from aromatic amines was responsible for 440 
alkylamination of DNA (Miller, 1978) and this mechanism may also be relevant here as the 441 
nitrogen in organic chloramines is also electrophilic (Calvo et al., 2007; Scully and Bempong, 442 
1982). 443 
Specific studies of carcinogenicity have indicated that N-chloramino acids can cause 444 
protein-DNA cross-links (Kulcharyk and Heinecke, 2001), inhibit DNA repair (Pero et al., 445 
1996), and affect the kinetics of the cell cycle, including cellular apoptosis (Englert and 446 
Shacter, 2002; Hosako et al., 2004), all of which are commonly observed carcinogenic 447 
effects. 448 
While there have been no in vivo toxicity studies conducted for organic chloramines to 449 
date, a number of in vitro studies have demonstrated that several organic chloramines 450 
(precursors listed in Table 6) are mutagenic towards bacteria (Nakamura et al., 1993; Scully 451 
and Bempong, 1982; Süssmuth, 1982; Thomas et al., 1987), and cytostatic or cytotoxic to 452 
Chinese hamster ovary cells (Bempong and Scully, 1980). In a recent in vitro study by 453 
Laingam et al. (2012), significant cytotoxicity and genotoxicity were observed for WIL2-NS 454 
cells (human lymphoblastoid) that were treated with in situ-formed N-chloroethanolamine, N-455 
chloroglycine, N-chlorohistamine or N-chlorolysine at micromolar concentrations that are 456 
relevant for drinking water systems. All four of these organic chloramines have also 457 
demonstrated mutagenic effects in bacterial assays (Nakamura et al., 1993; Süssmuth, 1982; 458 
Thomas et al., 1987). Two studies of the effect of N-chloroacetamide on Chinese hamster 459 
ovary cells found that N-monochloroacetamide was cytotoxic but not genotoxic (Kimura et 460 
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al., 2015), while N,2-dichloroacetamide was both cytotoxic and genotoxic, and more potent 461 
than N-monochloroacetamide (Kimura et al., 2015).  462 
Direct comparison of the toxicity of organic chloramines with other DBPs is difficult 463 
due to differences in experimental methodology, including the cells tested and the length of 464 
exposure. As highlighted by Escher et al. (2014), only a few bioassays have standardised 465 
protocols. However, it may be possible to undertake relative comparison between toxicity 466 
tests conducted using similar cell types. Table 7 shows our estimates of the LC50 467 
concentration and genotoxic potency (GP, being the concentration that results in mutation in 468 
50% of cells) of N-chloramino acids using the cell viability and mirconuclei data reported by 469 
Laingam et al. (2012). Both linear and exponential regression analysis were undertaken due 470 
to the low number of data points available. Typically, dose-response curves are sigmoidal in 471 
shape, and thus it is expected that modelling with a linear curve would overestimate LC50, 472 
while an exponential curve would underestimate LC50. The correlation coefficient (R2) for 473 
the regression analysis ranged from 0.930 to 0.994 (linear) or 0.978 to 0.994 (exponential) for 474 
cytotoxicity, and 0.947 to 0.950 (linear) or 0.907 to 0.997 (exponential) for genotoxicity. For 475 
cytotoxicity, there were very similar values derived from both linear and exponential 476 
regression, while the genotoxicity varied by a about one order of magnitude. The values from 477 
the linear regression analysis were used to compare the cytotoxicity and genotoxicity of the 478 
N-chloramino acids to mammalian cells, to that of other organic chloramines, regulated 479 
trihalomethanes and haloacetic acids, and haloacetamides (Table 7). This comparison 480 
suggests that organic chloramines are generally more cytotoxic and genotoxic than the 481 
regulated DBPs and haloacetamides. When considering halogenated species, the organic 482 
chloramines had higher cytotoxicity and genotoxicity than the chlorinated trihalomethanes 483 
and haloacetic acids, but similar cytotoxicity and genotoxicity to the brominated 484 
trihalomethanes and haloacetic acids (Table 7). While LC50 and GP values were similar for 485 
the N-chloramino acids and the haloacetamides (Table 7), the N-chloramino acids are likely 486 
to be more cytotoxic than the haloacetamides, because the cell exposure time in the N-487 
chloramino acid bioassays (3 hours) (Laingam et al., 2012) was much shorter than that used 488 
in the haloacetamide bioassays (72 hours) (Kimura et al., 2015). Further testing would be 489 
required to determine the effect of exposure time on cell response between different 490 
bioassays. 491 
There have been no studies of the toxicity of organic bromamines or iodamines, however 492 
organic bromamines would be expected to exert similar biological effects to organic 493 
chloramines (Olszanecki and Marcinkiewicz, 2004). Given the trends observed for other DBP 494 
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classes where the bromine and iodine analogues are more toxic than the chlorine analogues 495 
(Plewa et al., 2010), it is likely that organic bromamines and iodamines are more toxic than 496 
organic chloramines. 497 
 498 
5. Occurrence of organic chloramines and impact on water treatment and 499 
quality 500 
5.1 Occurrence of organic chloramines 501 
Based on the formation studies discussed above, the classes of organic chloramines that are 502 
most likely to be present in the water system after chlorination are the N-chloramines and N-503 
chloramino acids. 504 
Despite the fact that N-chloramines are relatively stable, there are currently no reports of 505 
their occurrence, either in drinking water or wastewater systems. This makes it difficult to 506 
assess the impact of N-chloramines on human health and the environment. All current 507 
published literature of N-chloramine occurrence or formation is from laboratory studies using 508 
either pure solutions or formation using collected raw water and wastewater. The lack of 509 
information of N-chloramine occurrence in real water systems is potentially due to a lack of 510 
suitable analytical methods for their detection. There is also little information available on the 511 
occurrence and concentration of organic amines in water systems. Given that concentrations 512 
of DON in water systems are often less than 2.5 mg/L (Westerhoff and Mash, 2002), and that 513 
amines are likely to be a minor contributor to the DON, analytical methods with limit of 514 
detections in the low µg/L range would be required to detect organic amines in water 515 
systems.  516 
Although free amino acids readily form N-chloramino acids, free amino acids represent 517 
only a very small fraction of total amino acids, typically about 1% in natural waters (Chinn 518 
and Barrett, 2000; Dotson and Westerhoff, 2009; Thurman, 1985) and 7% to 29% in 519 
wastewater (Confer et al., 1995). The low abundance of free amino acids may explain the 520 
lack of occurrence data on N-chloramino acids in water systems. If formed, the expected 521 
concentration of N-chloramino acids would be very low. Most amino acids exist in the total 522 
amino acid fraction, as combined amino acids in peptides and proteins. However, to date, no 523 
occurrence studies of N-chloropeptides have been reported. Another factor contributing to the 524 
lack of occurrence data on N-chloramino acids in water systems is the instability of most N-525 
chloramino acids, such that most will degrade quickly into other by-products, such as 526 




5.2 Implications for water treatment 529 
The presence of organic nitrogen such as amino acids in drinking water increases chlorine 530 
demand (Black & Veatch Corporation, 2010). Furthermore, as described in Section 3, none of 531 
the standard methods for chloramine analysis can distinguish between organic and inorganic 532 
chloramines (Black & Veatch Corporation, 2010; Donnermair and Blatchley, 2003; Tao et 533 
al., 2008), and combined chlorine concentrations higher than 0.5 mg/L interfere in the 534 
measurement of free chlorine (Eaton, 2005). Thus, the presence of organic chloramines can 535 
lead to overestimation of the disinfectant concentration, especially within the first 8 hrs of 536 
distribution for chlorinated systems or the first 24 hrs of distribution for chloraminated 537 
systems (Zhang et al., 2016). This is of particular health significance because organic 538 
chloramines have been reported to have a much lower germicidal efficiency than both 539 
chlorine and inorganic monochloramine (Black & Veatch Corporation, 2010; Donnermair 540 
and Blatchley, 2003; Scully et al., 1996; Wolfe et al., 1985). For example, the maximum 541 
inactivation rate of E.coli was 0.09 L/mg·min for N-monochloramino acids, compared to 2.56 542 
L/mg·min for free chlorine and 0.72 L/mg·min for inorganic monochloramine (Donnermair 543 
and Blatchley, 2003). The formation of organic chloramines from free chlorine can continue 544 
over a long period of time, resulting in a gradual decline in disinfection efficiency in the 545 
distribution system (Black & Veatch Corporation, 2010).  546 
 547 
5.3 In vivo and in situ formation of organic chloramines and other DBPs 548 
In many distribution systems, a free chlorine residual is required to prevent bacterial 549 
regrowth. In vivo formation of organic chloramines is possible when residual chlorine that 550 
remains in consumed drinking water reacts with amines in the saliva and stomachs of 551 
consumers. A study by Scully (1990) identified N-chloroglycine, either N-chloroleucine or N-552 
chloroisoleucine, and N-chlorophenylalanine, in chlorinated rat stomach contents. 553 
The presence of organic chloramines in distribution systems can also result in the in situ 554 
formation of other DBPs. For example, stable organic chloramines like N-chloroglycine 555 
(Hand et al., 1983) act as an intermediate for the formation of cyanogen chloride, 556 
dichloroacetontirile and trichloronitromethane (Yang et al., 2010; Yang et al., 2012). The 557 
presence of organic chloramines can also artificially enhance the measured concentration of 558 
other DBPs, due to the conversion of organic chloramines into other DBPs after quenching 559 
(Kimura et al., 2015). Organic chloramines (N-chloromethylamine and N-560 
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chlorodimethylamine) have similar reactivity towards phenol and dihydroxybenzenes as 561 
inorganic chloramines (i.e. NH2Cl) (Heeb et al., 2017). These reactive moieties, present in 562 
NOM, are known to be precursors of DBPs, and thus organic chloramines have similar 563 
potential as inorganic chloramines to form DBPs. However, simulation studies under 564 
practical water treatment and disinfection conditions have indicated that the formation of 565 
DBPs is mainly controlled by HOCl, rather than inorganic and organic chloramine species 566 
(Heeb et al., 2017). 567 
 568 
6. Conclusions and Recommendations 569 
Organic chloramines are potentially cytotoxic and genotoxic to humans, while some species, 570 
like N-chloraldimines, may cause aesthetic issues in drinking water and treated wastewater. 571 
The formation of organic chloramines during water disinfection can also reduce the 572 
germicidal efficiency, and lead to overestimation of inorganic monochloramine 573 
concentration. However, currently there is limited information on the occurrence of organic 574 
chloramines in water systems, due to the lack of analytical methods of sufficient sensitivity 575 
along with the destruction of organic chloramines during current quenching procedures. 576 
Furthermore, a lack of traceable analytical standards has made both identification and 577 
quantification of many organic chloramines challenging. Many of the organic chloramines 578 
formed during disinfection are too unstable for current sample preparation methods. Future 579 
analytical method development should focus on the most stable organic chloramines formed 580 
during water disinfection, as they are more likely to be detected and more likely to reach the 581 
consumer.  582 
To date, research has focussed on the formation of organic monochloramines rather than 583 
organic dichloramines. However, it is a common disinfection strategy to achieve breakpoint 584 
chlorination during disinfection, and higher chlorine to precursor ratios are more likely to 585 
result in the formation of organic dichloramines. Therefore, further study of the formation 586 
and degradation of organic dichloramines is important to fully understand the occurrence of 587 
organic chloramines in drinking water systems. In addition, toxicity studies should focus on 588 
the organic dichloramines rather than organic monochloramine. In addition, more than 600 589 
peptides have being identified in drinking water samples (Tang et al., 2016), however only 590 
five N-chloropeptides have being identified (Huang et al., 2017). This suggests that a large 591 
group of unidentified N-chloropeptides may be present in water. Therefore, further studies are 592 
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required to identify and quantify these N-chloropeptides in drinking water, to help assess their 593 
risk to public health.  594 
The formation of organic chloramines can only occur in the presence of suitable N-595 
containing precursors (e.g. amino acids) and therefore improved understanding of the 596 
occurrence and concentration of precursors in water systems would help to predict the 597 
formation of organic chloramines. Given the challenges identified in analysing organic 598 
chloramines, analysis of precursors may provide another avenue to assess the health risks 599 
associated with organic chloramines in drinking waters and to evaluate the efficacy of current 600 
and future water treatment processes. 601 
Given the challenges identified for the analysis of both organic chloramines and their 602 
precursors, an alternative method to assess and understand the impact of organic chloramines 603 
in water systems may be the development of reaction models using data from those organic 604 
chloramines that have been studied to date. Such models could be used to predict the 605 
formation of organic chloramines and simulate how organic chloramines may interact with 606 
other chemicals present in drinking water. Ideally, these models would be able to provide 607 
information on the reactions that lead to organic chloramine degradation, potential reactions 608 
with other precursors, and the DBPs that form. 609 
  610 
Acknowledgements 611 
The authors thank the Australian Research Council (LP110100548 and LP130100602), 612 
Water Corporation of Western Australia, Water Research Australia and Curtin University 613 
for supporting this study. Curtin University (Curtin International Postgraduate Research 614 
Scholarship) and Water Research Australia (WaterRA PhD Scholarship) are also 615 
acknowledged for providing financial support for Z. How.  616 
 617 
References 618 
Abia, L., Armesto, X.L., Canle, M.L., García, M.V., Santaballa, J.A., 1998. Oxidation of 619 
aliphatic amines by aqueous chlorine. Tetrahedron 54 (3–4), 521-530. 620 
Ames, B.N., 1989. Endogenous DNA damage as related to cancer and aging. Mutat. Res.-621 
Fund. Mol. M. 214 (1), 41-46. 622 
Antelo, J.M., Arce, F., Crugeiras, J., Armesto, J.L., 1993. Decomposition kinetics of the N-623 
bromoaminoacids, N-bromoalanine, N-bromo-2-aminobutyric acid, and N-624 
bromonorvaline. Int. J. Chem. Kinet. 25 (12), 995-1004. 625 
Antelo, J.M., Arce, F., Crugeiras, J., Gray, E.T., Yebra, P., 1999. Kinetics and 626 
thermodynamics of the reaction of aliphatic N-bromamines with bromide ion in acid 627 
media, and the pKa of N-bromamines . J. Chem. Soc. Per. T. 2 (3), 651-656. 628 
20 
 
Antelo, J.M., Arce, F., Franco, J., Forneas, M.J., Sanchez, M.E., Varela, A., 1986. Kinetics 629 
and mechanism of the decomposition of N-bromoalcoholamines in aqueous solution. 630 
Int. J. Chem. Kinet. 18 (11), 1249-1258. 631 
Antelo, J.M., Arce, F., Parajó, M., 1995. Kinetic study of the formation of N-chloramines. 632 
Int. J. Chem. Kinet. 27 (7), 637-647. 633 
Antelo, J.M., Arce, F., Parajó, M., 1996. Kinetic study of the decomposition of N-634 
chloramines. J. Phys. Org. Chem. 9 (7), 447-454. 635 
Armesto, X.L., Canle L, M., Fernández, M.I., Garcı́a, M.V., Santaballa, J.A., 2000. First 636 
Steps in the Oxidation of Sulfur-Containing Amino Acids by Hypohalogenation: Very 637 
Fast Generation of Intermediate Sulfenyl Halides and Halosulfonium Cations. 638 
Tetrahedron 56 (8), 1103-1109. 639 
Armesto, X.L., Canle L, M., García, M.V., Losada, M., Santaballa, J.A., 1994. N Reactivity 640 
vs. O reactivity in aqueous chlorination. Int. J. Chem. Kinet. 26 (11), 1135-1141. 641 
Armesto, X.L., Canle, M., García, M.V., Losada, M., Santaballa, J.A., 1996. Concerted base-642 
promoted elimination in the decomposition of N-halo amino acids. J. Phys. Org. Chem. 643 
9 (8), 552-560. 644 
Armesto, X.L., Canle, M.L., Losada, M., Santaballa, J.A., 1993. An operational approach to 645 
N-Cl-α-amino acids decomposition. Int. J. Chem. Kinet. 25 (5), 331-339. 646 
Bedner, M., MacCrehan, W.A., Helz, G.R., 2002. Improving the Recoveries of Unstable N-647 
Chloramines Determined by Liquid Chromatography-Postcolumn Electrochemical 648 
Detection. J. Chromatogr. Sci. 40 (8), 447-455. 649 
Bempong, M.A., Scully, F.E., Jr., 1980. Mutagenic activity of N-chloropiperidine. J. Environ. 650 
Pathol. Toxicol. 4 (2-3), 345-354. 651 
Bergt, C., Fu, X., Huq, N.P., Kao, J., Heinecke, J.W., 2004. Lysine Residues Direct the 652 
Chlorination of Tyrosines in YXXK Motifs of Apolipoprotein A-I When Hypochlorous 653 
Acid Oxidizes High Density Lipoprotein. J. Biol. Chem. 279 (9), 7856-7866. 654 
Black & Veatch Corporation, 2010. White's Handbook of Chlorination and Alternative 655 
Disinfectants. John Wiley & Sons, New Jersey, USA. 656 
Bond, T., Templeton, M.R., Mokhtar Kamal, N.H., Graham, N., Kanda, R., 2015. 657 
Nitrogenous disinfection byproducts in English drinking water supply systems: 658 
Occurrence, bromine substitution and correlation analysis. Water Res. 85 85-94. 659 
Brosillon, S., Lemasle, M., Renault, E., Tozza, D., Heim, V., Laplanche, A., 2009. Analysis 660 
and occurrence of odorous disinfection by-products from chlorination of amino acids in 661 
three different drinking water treatment plants and corresponding distribution networks. 662 
Chemosphere 77 (8), 1035-1042. 663 
Bull, R.J., Reckhow, D.A., Li, X.F., Humpage, A.R., Joll, C., Hrudey, S.E., 2011. Potential 664 
carcinogenic hazards of non-regulated disinfection by-products: Haloquinones, halo-665 
cyclopentene and cyclohexene derivatives, N-halamines, halonitriles, and heterocyclic 666 
amines. Toxicology 286 (1-3), 1-19. 667 
Calvo, P., Crugeiras, J., Ríos, A., Ríos, M.A., 2007. Nucleophilic Substitution Reactions of 668 
N-Chloramines:   Evidence for a Change in Mechanism with Increasing Nucleophile 669 
Reactivity. J. Org. Chem. 72 (9), 3171-3178. 670 
Cemeli, E., Wagner, E.D., Anderson, D., Richardson, S.D., Plewa, M.J., 2006. Modulation of 671 
the Cytotoxicity and Genotoxicity of the Drinking Water Disinfection Byproduct 672 
Iodoacetic Acid by Suppressors of Oxidative Stress. Environ. Sci. Technol. 40 (6), 673 
1878-1883. 674 
Chinn, R., Barrett, S.E., 2000. Occurrence of Amino Acids in Two Drinking Water Sources, 675 
in: Barrett S E, Krasner S W, Amy G L (Eds.), Natural Organic Matter and Disinfection 676 
By-Products. American Chemical Society, pp. 96-108. 677 
21 
 
Coker, M.S.A., Hu, W.-P., Senthilmohan, S.T., Kettle, A.J., 2008. Pathways for the Decay of 678 
Organic Dichloramines and Liberation of Antimicrobial Chloramine Gases. Chem. Res. 679 
Toxicol. 21 (12), 2334-2343. 680 
Confer, D.R., Logan, B.E., Aiken, B.S., Kirchman, D.L., 1995. Measurement of Dissolved 681 
Free and Combined Amino Acids in Unconcentrated Wastewaters Using High 682 
Performance Liquid Chromatography. Water Environ. Res. 67 (1), 118-125. 683 
Conyers, B., Scully, F.E., 1993. N-chloroaldimines. 3. Chlorination of phenylalanine in 684 
model solutions and in a wastewater. Environ. Sci. Technol. 27 (2), 261-266. 685 
Conyers, B., Walker, E., Scully, F.E., Marbury, G.D., 1993. N-chloroaldimines. 4. 686 
Identification in a chlorinated municipal wastewater by gas chromatography/mass 687 
spectrometry. Environ. Sci. Technol. 27 (4), 720-724. 688 
Davies, J.M.S., Horwitz, D.A., Davies, K.J.A., 1993. Potential roles of hypochlorous acid and 689 
N-chloroamines in collagen breakdown by phagocytic cells in synovitis. Free Radical 690 
Biol. Med. 15 (6), 637-643. 691 
Deborde, M., von Gunten, U., 2008. Reactions of chlorine with inorganic and organic 692 
compounds during water treatment—Kinetics and mechanisms: A critical review. 693 
Water Res. 42 (1–2), 13-51. 694 
Domigan, N.M., Charlton, T.S., Duncan, M.W., Winterbourn, C.C., Kettle, A.J., 1995. 695 
Chlorination of Tyrosyl Residues in Peptides by Myeloperoxidase and Human 696 
Neutrophils. J. Biol. Chem. 270 (28), 16542-16548. 697 
Donnermair, M.M., Blatchley, E.R., 2003. Disinfection efficacy of organic chloramines. 698 
Water Res. 37 (7), 1557-1570. 699 
Dotson, A., Westerhoff, P., 2009. Occurrence and removal of amino acids during drinking 700 
water treatment. J. Am. Water Work Assoc. 101 (9), 101-115. 701 
Eaton, A.D. (Ed.), 2005. Standard Methods For the Examination of Water & Wastewater. 702 
APHA, AWWA, WEF, Maryland, United State of America. 703 
Ellis, A.J., Soper, F.G., 1954. Studies of N-halogeno-compounds. Part VI. The kinetics of 704 
chlorination of tertiary amines. J. Chem. Soc. 1750-1755. 705 
Englert, R.P., Shacter, E., 2002. Distinct modes of cell death induced by different reactive 706 
oxygen species: amino acyl chloramines mediate hypochlorous acid-induced apoptosis. 707 
J. Biol. Chem. 277 (23), 20518-20526. 708 
Escher, B.I., Allinson, M., Altenburger, R., Bain, P.A., Balaguer, P., Busch, W., Crago, J., 709 
Denslow, N.D., Dopp, E., Hilscherova, K., Humpage, A.R., Kumar, A., Grimaldi, M., 710 
Jayasinghe, B.S., Jarosova, B., Jia, A., Makarov, S., Maruya, K.A., Medvedev, A., 711 
Mehinto, A.C., Mendez, J.E., Poulsen, A., Prochazka, E., Richard, J., Schifferli, A., 712 
Schlenk, D., Scholz, S., Shiraishi, F., Snyder, S., Su, G., Tang, J.Y.M., Burg, B.v.d., 713 
Linden, S.C.v.d., Werner, I., Westerheide, S.D., Wong, C.K.C., Yang, M., Yeung, 714 
B.H.Y., Zhang, X., Leusch, F.D.L., 2014. Benchmarking Organic Micropollutants in 715 
Wastewater, Recycled Water and Drinking Water with In Vitro Bioassays. Environ. 716 
Sci. Technol. 48 (3), 1940-1956. 717 
Ferriol, M., Gazet, J., Adad, M.-t.S.-c., 1991. Kinetics and mechanisms of chlorine transfer 718 
from chloramine to amines in aqueous medium. Int. J. Chem. Kinet. 23 (4), 315-329. 719 
Fox, T.C., Keefe, D.J., Scully, F.E., Laikhter, A., 1997. Chloramines VII:   Chlorination of 720 
Alanylphenylalanine in Model Solutions and in a Wastewater. Environ. Sci. Technol. 721 
31 (7), 1979-1984. 722 
Freuze, I., Brosillon, S., Herman, D., Laplanche, A., Démocrate, C., Cavard, J., 2004. 723 
Odorous Products of the Chlorination of Phenylalanine in Water:   Formation, 724 
Evolution, and Quantification. Environ. Sci. Technol. 38 (15), 4134-4139. 725 
Freuze, I., Brosillon, S., Laplanche, A., Tozza, D., Cavard, J., 2005. Effect of chlorination on 726 
the formation of odorous disinfection by-products. Water Res. 39 (12), 2636-2642. 727 
22 
 
Furness-Green, S.M., Inskeep, T.R., Starke, J.J., Ping, L., Greenleaf-Schumann, H.R., Goyne, 728 
T.E., 1998. High-Performance Liquid Chromatographic Analysis of Amino Acid- and 729 
Peptide-Derived Chloramines. J. Chromatogr. Sci. 36 (5), 227-236. 730 
Gottardi, W., Nagl, M., 2010. N-chlorotaurine, a natural antiseptic with outstanding 731 
tolerability. J. Antimicrob. Chemoth. 65 (3), 399-409. 732 
Grisham, M.B., Jefferson, M.M., Melton, D.F., Thomas, E.L., 1984. Chlorination of 733 
endogenous amines by isolated neutrophils. Ammonia-dependent bactericidal, 734 
cytotoxic, and cytolytic activities of the chloramines. J. Biol. Chem. 259 (16), 10404-735 
10413. 736 
Hand, V.C., Snyder, M.P., Margerum, D.W., 1983. Concerted fragmentation of N-chloro-737 
.alpha.-amino acid anions. J. Am. Chem. Soc. 105 (12), 4022-4025. 738 
Hawkins, C.L., Davies, M.J., 1999. Hypochlorite-induced oxidation of proteins in plasma: 739 
formation of chloramines and nitrogen-centred radicals and their role in protein 740 
fragmentation. Biochem. J. 340 (2), 539-548. 741 
Hawkins, C.L., Davies, M.J., 2002. Hypochlorite-Induced Damage to DNA, RNA, and 742 
Polynucleotides:   Formation of Chloramines and Nitrogen-Centered Radicals. Chem. 743 
Res. Toxicol. 15 (1), 83-92. 744 
Hawkins, C.L., Pattison, D.I., Davies, M.J., 2003. Hypochlorite-induced oxidation of amino 745 
acids, peptides and proteins. Amino Acids 25 (3-4), 259-274. 746 
Heeb, M.B., Kristiana, I., Trogolo, D., Arey, J.S., von Gunten, U., 2017. Formation and 747 
reactivity of inorganic and organic chloramines and bromamines during oxidative water 748 
treatment. Water Res. 110 91-101. 749 
Hoeijmakers, J.H.J., 2009. DNA Damage, Aging, and Cancer. New Engl. J. Med. 361 (15), 750 
1475-1485. 751 
Hosako, M., Ogino, T., Omori, M., Okada, S., 2004. Cell cycle arrest by monochloramine 752 
through the oxidation of retinoblastoma protein. Free Radical Biol. Med. 36 (1), 112-753 
122. 754 
How, Z.T., Linge, K.L., Busetti, F., Joll, C.A., 2016a. Detection Methods to Monitor the 755 
Degradation of Organic Chloramines, in: Thompson K C, Gillespie S, Goslan E H 756 
(Eds.), Disinfection By-products in Drinking Water. The Royal Society of Chemistry: 757 
Cambridge, UK, pp. 267-276. 758 
How, Z.T., Linge, K.L., Busetti, F., Joll, C.A., 2016b. Organic chloramines in drinking water: 759 
An assessment of formation, stability, reactivity and risk. Water Res. 93 65-73. 760 
How, Z.T., Linge, K.L., Busetti, F., Joll, C.A., 2017. Chlorination of Amino Acids: Reaction 761 
Pathways and Reaction Rates. Environ. Sci. Technol. 51 (9), 4870-4876. 762 
Huang, G., Jiang, P., Li, X.-F., 2017. Mass Spectrometry Identification of N-Chlorinated 763 
Dipeptides in Drinking Water. Anal. Chem. 89 (7), 4204-4209. 764 
Hui, F., Debiemme-Chouvy, C., 2013. Antimicrobial N-Halamine Polymers and Coatings: A 765 
Review of Their Synthesis, Characterization, and Applications. Biomacromolecules 14 766 
(3), 585-601. 767 
Hunter, J.V., Faust, S.D., 1967. Principles and applications of water chemistry Wiley, New 768 
York. 769 
Hureiki, L., Croue, J.P., Legube, B., 1994. Chlorination Studies of Free and Combined 770 
Amino-Acids. Water Res. 28 (12), 2521-2531. 771 
Isaac, R.A., Morris, J.C., 1983. Transfer of active chlorine from chloramine to nitrogenous 772 
organic compounds. 1. Kinetics. Environ. Sci. Technol. 17 (12), 738-742. 773 
Jensen, J.N., Johnson, J.D., 1990. Interferences by monochloramine and organic chloramines 774 
in free available chlorine methods. 2. N,N-Diethyl-p-phenylenediamine. Environ. Sci. 775 
Technol. 24 (7), 985-990. 776 
23 
 
Jensen, J.S., Lam, Y.-F., Helz, G.R., 1999. Role of Amide Nitrogen in Water Chlorination:   777 
Proton NMR Evidence. Environ. Sci. Technol. 33 (20), 3568-3573. 778 
Jersey, J.A., Choshen, E., Jensen, J.N., Johnson, J.D., Scully, F.E., 1990. N-Chloramine 779 
derivatization mechanism with dansylsulfinic acid: yields and routes of reaction. 780 
Environ. Sci. Technol. 24 (10), 1536-1541. 781 
Keefe, D.J., Fox, T.C., Conyers, B., Scully, F.E., 1997. Chloramines VI:   Chlorination of 782 
Glycylphenylalanine in Model Solutions and in a Wastewater. Environ. Sci. Technol. 783 
31 (7), 1973-1978. 784 
Kimura, S.Y., Komaki, Y., Plewa, M.J., Mariñas, B.J., 2013. Chloroacetonitrile and N,2-785 
Dichloroacetamide Formation from the Reaction of Chloroacetaldehyde and 786 
Monochloramine in Water. Environ. Sci. Technol. 47 (21), 12382-12390. 787 
Kimura, S.Y., Vu, T.N., Komaki, Y., Plewa, M.J., Mariñas, B.J., 2015. Acetonitrile and N-788 
Chloroacetamide Formation from the Reaction of Acetaldehyde and Monochloramine. 789 
Environ. Sci. Technol. 49 (16), 9954-9963. 790 
Kotiaho, T., Hayward, M.J., Cooks, R.G., 1991. Direct determination of chlorination 791 
products of organic amines using membrane introduction mass spectrometry. Anal. 792 
Chem. 63 (17), 1794-1801. 793 
Krasner, S.W., Weinberg, H.S., Richardson, S.D., Pastor, S.J., Chinn, R., Sclimenti, M.J., 794 
Onstad, G.D., Thruston, A.D., Jr., 2006. Occurrence of a new generation of disinfection 795 
byproducts. Environ. Sci. Technol. 40 (23), 7175-7185. 796 
Kristiana, I., Lethorn, A., Joll, C., Heitz, A., 2014. To add or not to add: The use of 797 
quenching agents for the analysis of disinfection by-products in water samples. Water 798 
Res. 59 90-98. 799 
Kulcharyk, P.A., Heinecke, J.W., 2001. Hypochlorous Acid Produced by the 800 
Myeloperoxidase System of Human Phagocytes Induces Covalent Cross-Links between 801 
DNA and Protein. Biochemistry 40 (12), 3648-3656. 802 
Laingam, S., Froscio, S.M., Bull, R.J., Humpage, A.R., 2012. In vitro toxicity and 803 
genotoxicity assessment of disinfection by-products, organic N-chloramines. Environ. 804 
Mol. Mutagen. 53 (2), 83-93. 805 
LeCloirec, P., LeCloirec, C., Martin, G., 1986. Evolution of α-Amino Acids in Filters used in 806 
Water Treatment, in: L. Pawlowski, Alaerts G, Lacy W J (Eds.), Studies in 807 
Environmental Science. Elsevier, pp. 539-553. 808 
Lee, W., Westerhoff, P., 2009. Formation of organic chloramines during water disinfection – 809 
chlorination versus chloramination. Water Res. 43 (8), 2233-2239. 810 
Lee, W., Westerhoff, P., Yang, X., Shang, C., 2007. Comparison of colorimetric and 811 
membrane introduction mass spectrometry techniques for chloramine analysis. Water 812 
Res. 41 (14), 3097-3102. 813 
Li, X.-F., Hrudey, S., Bull, R.J., Reckhow, D.A., Humpage, A., Joll, C.A., Heitz, A., 2011a. 814 
Analytical Methods for Preducted DBPs of Probable Toxicological Significance. Water 815 
Research Foundation, Denver, CO. 816 
Li, Y., Zhang, X., Shang, C., 2010. Effect of Reductive Property of Activated Carbon on 817 
Total Organic Halogen Analysis. Environ. Sci. Technol. 44 (6), 2105-2111. 818 
Li, Y., Zhang, X., Shang, C., Krasner, S.W., 2011b. Evaluation and improvement of total 819 
organic bromine analysis with respect to reductive property of activated carbon. Water 820 
Res. 45 (3), 1229-1237. 821 
Margerum, D.W., Gray, E.T., Huffman, R.P., 1979. Chlorination and the Formation of N-822 
Chloro Compounds in Water Treatment, in: Brinckman F E, Bellama J M (Eds.), 823 
Organometals and Organometalloids. American Chemical Society, pp. 278-291. 824 
McCormick, E.F., Conyers, B., Scully, F.E., 1993. N-chloroaldimines. 2. Chlorination of 825 
valine in model solutions and in a wastewater. Environ. Sci. Technol. 27 (2), 255-261. 826 
24 
 
McMahen, R.L., Strynar, M.J., McMillan, L., DeRose, E., Lindstrom, A.B., 2016. 827 
Comparison of fipronil sources in North Carolina surface water and identification of a 828 
novel fipronil transformation product in recycled wastewater. Sci. Total Environ. 569–829 
570 880-887. 830 
Miller, E.C., 1978. Some Current Perspectives on Chemical Carcinogenesis in Humans and 831 
Experimental Animals: Presidential Address. Cancer Res. 38 (6), 1479-1496. 832 
Morris, J.C., Isaac, R.A., 1983. A critical review of kinetic and thermodynamic constants for 833 
the aqueous chlorine-ammonia system, in: Jolley R L (Ed.), Water chlorination: 834 
environmental impact and health effects Ann Arbor Science Publishers Ann Arbor, 835 
Michigan, pp. 49-62. 836 
Muellner, M.G., Wagner, E.D., McCalla, K., Richardson, S.D., Woo, Y.T., Plewa, M.J., 837 
2007. Haloacetonitriles vs. regulated haloacetic acids: Are nitrogen-containing DBPs 838 
more toxic? Environ. Sci. Technol. 41 (2), 645-651. 839 
Nakamura, S.-I., Ugawa, M., Obana, H., 1993. Genotoxicity of chlorine-treated amino acids. 840 
Environ. Toxic. Water 8 (2), 163-171. 841 
Nweke, A., Scully, F.E., 1989. Stable N-chloroaldimines and other products of the 842 
chlorination of isoleucine in model solutions and in a wastewater. Environ. Sci. 843 
Technol. 23 (8), 989-994. 844 
Olszanecki, R., Marcinkiewicz, J., 2004. Taurine chloramine and taurine bromamine induce 845 
heme oxygenase-1 in resting and LPS-stimulated J774.2 macrophages. Amino Acids 27 846 
(1), 29-35. 847 
Pattison, D.I., Davies, M.J., 2001. Absolute Rate Constants for the Reaction of Hypochlorous 848 
Acid with Protein Side Chains and Peptide Bonds. Chem. Res. Toxicol. 14 (10), 1453-849 
1464. 850 
Pedersen, E.J., Urbansky, E.T., Mariñas, B.J., Margerum, D.W., 1999. Formation of 851 
Cyanogen Chloride from the Reaction of Monochloramine with Formaldehyde. 852 
Environ. Sci. Technol. 33 (23), 4239-4249. 853 
Pero, R.W., Sheng, Y., Olsson, A., Bryngelsson, C., Lund-Pero, M., 1996. Hypochlorous 854 
acid/N-chloramines are naturally produced DNA repair inhibitors. Carcinogenesis 17 855 
(1), 13-18. 856 
Perry, T.L., Shaw, K.N.F., Walker, Dorothy, Redlich, D., 1962. Urinary Excertion of Amines 857 
in Normal Children. Pediatrics 30 (4), 576-584. 858 
Pitman, I.H., Dawn, H., Higuchi, T., Hussain, A.A., 1969. Prediction of chlorine potentials of 859 
N-chlorinated organic molecules. J. Chem. Soc. B 1230-1232. 860 
Plewa, M.J., Simmons, J.E., Richardson, S.D., Wagner, E.D., 2010. Mammalian cell 861 
cytotoxicity and genotoxicity of the haloacetic acids, a major class of drinking water 862 
disinfection by-products. Environ. Mol. Mutagen. 51 (8-9), 871-878. 863 
Plewa, M.J., Wagner, E.D., Jazwierska, P., Richardson, S.D., Chen, P.H., McKague, A.B., 864 
2004. Halonitromethane drinking water disinfection byproducts: Chemical 865 
characterization and mammalian cell cytotoxicity and genotoxicity. Environ. Sci. 866 
Technol. 38 (1), 62-68. 867 
Plewa, M.J., Wagner, E.D., Muellner, M.G., Hsu, K.-M., Richardson, S.D., 2008. 868 
Comparative Mammalian Cell Toxicity of N-DBPs and C-DBPs, in: Karanfil T, 869 
Krasner S W, Westerhoff P, Xie Y (Eds.), Disinfection By-Products in Drinking Water. 870 
American Chemical Society, pp. 36-50. 871 
Prevost, M., 1998. Removal of amino acids, biodegradable organic carbon and chlorine 872 
demand by biological filtration in cold water. Environ. Technol. 19 (9), 903-911. 873 
Prütz, W.A., 1996. Hypochlorous Acid Interactions with Thiols, Nucleotides, DNA, and 874 
Other Biological Substrates. Arch. Biochem. Biophys. 332 (1), 110-120. 875 
25 
 
Qian, L., Sun, G., 2003. Durable and regenerable antimicrobial textiles: Synthesis and 876 
applications of 3-methylol-2,2,5,5-tetramethyl-imidazolidin-4-one (MTMIO). J. Appl. 877 
Polym. Sci. 89 (9), 2418-2425. 878 
Qiang, Z., Adams, C.D., 2004. Determination of Monochloramine Formation Rate Constants 879 
with Stopped-Flow Spectrophotometry. Environ. Sci. Technol. 38 (5), 1435-1444. 880 
Reckhow, D.A., Singer, P.C., Malcolm, R.L., 1990. Chlorination of humic materials: 881 
Byproduct formation and chemical interpretations. Environ. Sci. Technol. 24 (11), 882 
1655-1664. 883 
Richardson, S.D., 2003. Disinfection by-products and other emerging contaminants in 884 
drinking water. TRAC-Trend. Anal. Chem. 22 (10), 666-684. 885 
Rosario-Ortiz, F., Rose, J., Speight, V., Gunten, U.v., Schnoor, J., 2016. How do you like 886 
your tap water? Science 351 (6276), 912-914. 887 
Saunier, B., 1979. The Kinetics of Breakpoint Chlorination in Continuous Flow Systems. J. 888 
Am. Water Works Ass. 71 (3), 164-172. 889 
Scully, F.E., 1990. Identification of organic N-chloramines in vitro in stomach fluid from the 890 
rat after chlorination. Chem. Res. Toxicol. 3 (4), 301-306. 891 
Scully, F.E., Conyers, B., Forrer, E., Locke, E.P., 1997. NMR studies of the Reaction of 892 
Amino Acids with Aqueous Chlorine, in: Nanny M A, Minear R A, Leenheer J A 893 
(Eds.), Nuclear Magnetic Resonance Spectroscopy in Environmental Chemistry. 894 
Oxford University Press: New York pp. 130-139. 895 
Scully, F.E., Hartman, A.C., Rule, A., LeBlanc, N., 1996. Disinfection Interference in 896 
Wastewaters by Natural Organic Nitrogen Compounds. Environ. Sci. Technol. 30 (5), 897 
1465-1471. 898 
Scully, F.E., Jr., Bempong, M.A., 1982. Organic N-Chloramines: Chemistry and Toxicology. 899 
Environ. Health Perspect. 46 111-116. 900 
Scully, F.E., Yang, J.P., Mazina, K., Daniel, F.B., 1984. Derivatization of organic and 901 
inorganic N-chloramines for high-performance liquid chromatography analysis of 902 
chlorinated water. Environ. Sci. Technol. 18 (10), 787-792. 903 
Shang, C., Gong, W.L., Blatchley, E.R., 2000. Breakpoint chemistry and volatile byproduct 904 
formation resulting from chlorination of model organic-N compounds. Environ. Sci. 905 
Technol. 34 (9), 1721-1728. 906 
Simon, V., Berne, F., Gallard, H., 2015. Chloramination and Bromamination of Amino 907 
Acids, in: Thompson K C, Gillespie S, Goslan E H (Eds.), Disinfection By-products in 908 
Drinking Water. The Royal Society of Chemistry: Cambridge, UK, pp. 70-80. 909 
Smallwood, C., Murphy, P., Gatchett, A., Scully, J.F., 1994. Drinking Water Criteria 910 
Document for Chloramines. U.S. Environmental Protection Agency, Washington DC. 911 
Snyder, M., 1982. Kinetics of chlorine transfer from chloramine to amines, amino acids, and 912 
peptides. Inorg. Chem. 21 (7), 2545-2550. 913 
Sortino, S., Giuffrida, S., Scaiano, J.C., 1999. Phototoxicity of Naphazoline. Evidence That 914 
Hydrated Electrons, Nitrogen-Centered Radicals, and OH Radicals Trigger DNA 915 
Damage:   A Combined Photocleavage and Laser Flash Photolysis Study. Chem. Res. 916 
Toxicol. 12 (10), 971-978. 917 
Süssmuth, R., 1982. Genetic effects of amino acids after chlorination. Mut. Res. Lett. 105 (1–918 
2), 23-28. 919 
Takats, Z., Koch, K.J., Cooks, R.G., 2001. Organic Chloramine Analysis and Free Chlorine 920 
Quantification by Electrospray and Atmospheric Pressure Chemical Ionization Tandem 921 
Mass Spectrometry. Anal. Chem. 73 (18), 4522-4529. 922 
Tang, Y., Xu, Y., Li, F., Jmaiff, L., Hrudey, S.E., Li, X.-F., 2016. Nontargeted identification 923 
of peptides and disinfection byproducts in water. J. Environ. Sci. 42 259-266. 924 
26 
 
Tao, H., Chen, Z.-L., Li, X., Yang, Y.-L., Li, G.-B., 2008. Salicylate-spectrophotometric 925 
determination of inorganic monochloramine. Anal. Chim. Acta 615 (2), 184-190. 926 
Thomas, E.L., Jefferson, M.M., Bennet, J.J., Learn, D.B., 1987. Mutagenic activity of 927 
chloramines. Mutat. Res. Genet. Tox. 188 (1), 35-43. 928 
Thomm, E.W.C.W., Wayman, M., 1969. N-Chlorination of secondary amides. II. Effects of 929 
substituents on rates of N-chlorination. Can. J. Chem. 47 (18), 3289-3297. 930 
Thurman, E.M., 1985. Organic geochemistry of natural waters. Martinus Nijhoff Dordrecht. 931 
Wang, W., Ren, S., Zhang, H., Yu, J., An, W., Hu, J., Yang, M., 2011. Occurrence of nine 932 
nitrosamines and secondary amines in source water and drinking water: Potential of 933 
secondary amines as nitrosamine precursors. Water Res. 45 (16), 4930-4938. 934 
Westerhoff, P., Mash, H., 2002. Dissolved organic nitrogen in drinking water supplies: a 935 
review. J. Water Supply Res. Technol.-Aqua 51 (8), 415-448. 936 
Wolfe, R.L., Ward, N.R., Olson, B.H., 1985. Interference in the bactericidal properties of 937 
inorganic chloramines by organic nitrogen compounds. Environ. Sci. Technol. 19 (12), 938 
1192-1195. 939 
Yang, X., Fan, C., Shang, C., Zhao, Q., 2010. Nitrogenous disinfection byproducts formation 940 
and nitrogen origin exploration during chloramination of nitrogenous organic 941 
compounds. Water Res. 44 (9), 2691-2702. 942 
Yang, X., Shen, Q., Guo, W., Peng, J., Liang, Y., 2012. Precursors and nitrogen origins of 943 
trichloronitromethane and dichloroacetonitrile during chlorination/chloramination. 944 
Chemosphere 88 (1), 25-32. 945 
Yoon, J., Jensen, J.N., 1993. Distribution of Aqueous Chlorine with Nitrogenous Compounds 946 
- Chlorine Transfer from Organic Chloramines to Ammonia. Environ. Sci. Technol. 27 947 
(2), 403-409. 948 
Yu, Y., Reckhow, D.A., 2015. Kinetic Analysis of Haloacetonitrile Stability in Drinking 949 
Waters. Environ. Sci. Technol. 49 (18), 11028-11036. 950 
Yu, Y., Reckhow, D.A., 2017. Formation and Occurrence of N-Chloro-2,2-951 
dichloroacetamide, a Previously Overlooked Nitrogenous Disinfection Byproduct in 952 
Chlorinated Drinking Waters. Environ. Sci. Technol. 51 (3), 1488-1497. 953 
Zhang, T.-Y., Lin, Y.-L., Xu, B., Cheng, T., Xia, S.-J., Chu, W.-H., Gao, N.-Y., 2016. 954 
Formation of organic chloramines during chlor(am)ination and UV/chlor(am)ination of 955 
algae organic matter in drinking water. Water Res. 103 189-196. 956 
Zhang, T.-Y., Lin, Y.-L., Xu, B., Hu, C.-Y., Wang, Z., Tian, F.-X., Gao, N.-Y., 2015. 957 
Identification and quantification of ineffective chlorine by NaAsO2 selective quenching 958 
method during drinking water disinfection. Chem. Eng. J. 277 295-302. 959 
 960 




Table 1 Structures of different organic chloramine species  963 
	  
N-Chloramines 
R,R1: Alkyl, aromatic, 
halogen or hydrogen 
Precursors: Amines 	  
N-Chloramino acids 
R: Alkyl, aromatic or hydrogen 
R1: Alkyl, halogen or hydrogen 
Precursors: Amino carboxylic 
acids and amino sulfonic acids  
	  
N-Chloraldimines 
R: Alkyl or hydrogen 




R,R1: Alkyl, halogen or 
hydrogen 
Precursors: Amides and imides 
  964 
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Table 2 Reported chlorination and chloramination reaction rates for selected organic and 965 
inorganic precursors.  966 
 967 
Precursor pKa k (L/mol·s)(25°C) References 
Chlorination Reaction Rates 
Inorganic nitrogen 
compounds 
   
Ammonia 9.25 3.07 × 106 
4.2 × 106 
2.9 × 106 
Qiang and Adams (2004) 
Morris and Isaac (1983) 
Margerum et al. (1979) 
Monochloramine  1.5 × 102 
3.5 × 102 
Margerum et al. (1979) 
Morris and Isaac (1983) 
Organic nitrogen 
compounds 
   
Primary amines    
Methylamine 10.66 1.9 × 108 
3.6 × 108 
Margerum et al. (1979) 
Deborde and von Gunten 
(2008) 
Ethylamine 10.81 1.98 × 108 Abia et al. (1998) 
 
Secondary amines    
Dimethylamine 10.72 6.05 × 107 
3.3 × 108 
 
5 × 107 
Abia et al. (1998)  
Deborde and von Gunten 
(2008)  
Deborde and von Gunten 
(2008) 
Diethylamine 11.02 3.71 × 107 
1.4 × 107 
 
1.4 × 108 
Abia et al. (1998)  
Deborde and von Gunten 
(2008)  
Deborde and von Gunten 
(2008) 
Tertiary amine    
Trimethylamine 9.75 5 × 104 Abia et al. (1998)  
(N-Me)-piperidine 10.08 8 × 104 Abia et al. (1998)  
Amides    
N-Methylformamide  1.70 × 10-3 Thomm and Wayman 
(1969) 
N-Methylacetamide  1.70 × 10-3 
1.40 × 10-3 
Thomm and Wayman 







1.58 × 10-3 
Deborde and von Gunten 
(2008) 
Jensen et al. (1999) 
Amino acids    
Glycine 9.78 1.13 × 108 
5 × 107 
Armesto et al. (1993) 
Armesto et al. (1994) 
Alanine 9.87 3.4 × 107 
5.4 × 107 
5.4 × 107 
Armesto et al. (1993) 
Armesto et al. (1994) 









8.9 × 107 
7.4 × 104 
5.4 × 104 
4.9 × 102 
Margerum et al. (1979) 
Pattison and Davies (2001) 
How et al. (2017) 
How et al. (2017) 
Sulfur-containing amino 
acids 
   
Cysteine 8.15 and 
10.29 
1.2 × 109 
3.3 × 108 
Armesto et al. (2000) 
Pattison and Davies (2001) 
Methionine 9.05 9 × 108 Armesto et al. (2000) 
Haloacetonitrile    
Monochloroacetonitrile  Not significant Yu and Reckhow (2015) 
Dichloroacetonitrile  0.19 Yu and Reckhow (2015) 
Trichloroacetonitrile  11 Yu and Reckhow (2015) 
Bromochloroacetonitrile  9.0 × 10-2 Yu and Reckhow (2015) 
Bromodichloroacetonitrile  1.4 Yu and Reckhow (2015) 
Monobromoacetonitrile  Not significant Yu and Reckhow (2015) 
Dibromoacetonitrile  4.2 × 10-2 Yu and Reckhow (2015) 
Chloramination Reaction Rates 
N-chloroalkanolamines    
1-(chloroamino)ethanol 
 2.67 × 104 L2/mol2·s Kimura et al. (2015) 
2-chloro-1-
(chloroamino)ethanol 
 3.03 × 104  L2/mol2·s Kimura et al. (2013) 
Aldehyde    
Acetaldehyde  24.3 Scully et al. (1997) 
Kimura et al. (2015) 
Chloroactetaldehyde  1.87 × 103 L/mol Kimura et al. (2013) 
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Table 3 Rate of decomposition of various organic monochloramines k (×10-4)(s-1) and their 969 
half-lives (hours). *Values in brackets are the degradation constants for the N,N-970 
dichloramine species. 971 
Precursor  Rate* Half-life* References 
Amino acids    
α-Aminoisobutyric acid 129 0.01 Hand et al. (1983) 
1-Amino- 1-
carboxycyclohexane 







Armesto et al. (1996)  
Coker et al. (2008) 
How et al. (2016) 




Coker et al.  (2008) 
How et al. (2016) 




Coker et al.  (2008) 
How et al. (2016) 




Coker et al.  (2008) 
How et al. (2016) 




Coker et al.  (2008) 







Hand et al. (1983)  
Coker et al.  (2008) 
How et al. (2016) 





Armesto et al. (1996)  





Armesto et al. (1996)  
How et al. (2016) 
Lysine 0.42 4.6 How et al. (2016) 





Hand et al. (1983) 
How et al. (2016) 
Serine 2.1 0.9 How et al. (2016) 




Coker et al.  (2008) 





Hand et al. (1983) 





Armesto et al. (1996)  
How et al. (2016) 





Scully and Bempong 
(1982) 





Scully and Bempong 
(1982) 
How et al. (2016) 
Ethanolamine 0.05 39 How et al. (2016) 
Piperidine 0.02 96 Scully and Bempong 
(1982) 
N-Chloraldimines    
31 
 
N-Chloroisobutyraldimine  0.06 32 McCormick et al. 
(1993) 




Conyers and Scully 
(1993) 


























Jensen et al. (1999) 
Huang et al. (2017) 
Fox et al. (1997) 
Huang et al. (2017) 
Huang et al. (2017) 
Keefe et al. (1997) 
Huang et al. (2017) 
 972 
 973 
  974 
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Table 4 Analytical methods for the detection of various organic chloramine species  975 




1. Subtraction of free chlorine from total chlorine 
in the DPD method (assumption of no 
inorganic chloramines) 
2. Subtraction of inorganic chloramines from 
combined chlorine: DPD method  for 
combined chlorine and membrane introduction 
mass spectrometry for inorganic chloramines 
3. Pre-column derivatisation into dansyl 
derivatives using DANSO2H. LC-RP 








Scully et al. (1984) 
 
N-Chloramines 1. Pre-column derivatisation into dansyl 
derivatives using DANSO2H. LC-RP 
separation with fluorescence detection 
2. Infusion with APCI or ESI-MS/MS in positive 
mode 
Scully et al. (1984) 
 
 




1. Derivatisation into dansyl derivatives using 
DANSO2H  
a. HPLC-RP separation with fluorescence 
detection 
b. GC-MS with CI 
2. LC-RP-ESI-MS in both negative and positive 
mode 
3. LC-RP/HILIC with post-column reaction and 
detection using UV detection, organic 
chloramine treated with iodine to form 
triiodide 
4. LC-RP-ESI-MS in negative mode 
 
5. LC-RP-ESI-HRMS in positive mode 
6. Adsorption-pyrolysis (measured as TOX) 
7. Direct UV measurement at λ=250 nm or 255 
nm 





Li et al. (2011a) 
 




Yang et al. (2010) 
Li et al. (2010) 
How et al. (2016) 
Li et al. (2011b) 
Antelo et al. (1995) 
Antelo et al. (1999) 






1. LC-RP-ESI-MS in positive mode 
2. Double focus mass spectrometry 
3. LC-RP-ESI-MS in negative mode 
Li et al. (2011) 
Kimura et al. (2015) 




1. GC-MS in EI or CI 
2. GC-MS 
Conyers et al. (1993) 
Brosillon et al. (2009) 
N-chloropetides 1. LC-RP-ESI-MS in positive mode Huang et al. (2017) 
 976 
  977 
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Table 5 Extraction methods developed for organic chloramines  978 
Extraction method Target Reference 
Reverse phase solid-
phase extraction 
N-Chloramines (after derivatisation), 
N-chloramino acids (after 
derivatisation), N-chlorimides, N-
chloraldimines, N-chloropeptides 
Scully et al. (1984) 
Scully (1990) 
Li et al. (2011) 
Freuze et al. (2004) 
Huang et al. (2017) 
Mixed reverse phase & 
strong anion exchange 
solid-phase extraction 
N-chlorohaloacetamides Yu and Reckhow (2016) 
Liquid-liquid extraction 
using trichloromethane 






2. Purge and trap 
N-Chloraldimines  
Conyers et al. 1993 
 
 
Brosillon et al. 2009 
 979 




Table 6 Organic chloramines that result in mutagenicity towards bacteria 982 
Organic chloramines References 













Scully and Bempong 1982 
Thomas et al. 1987 
 983 




Table 7 Cytotoxicity (LC50) and genotoxicity (genotoxic potency) of organic chloramines, 986 
regulated DBPs and haloacetamides. Values derived from the cell viability and micronuclei 987 
data of Laingam et al. (2012) are estimated from linear regression, with the values in brackets 988 
estimated from exponential regression. 989 
Compounds LC50 
(mol/L) 
Reference Genotoxic potency 
(mol/L) 
Reference 
Organic Chloramines     
N-Chloroglycinea 6(7)d × 10-5  Laingam et al. 
(2012) 
1(0.5)d × 10-4  Laingam et al. 
(2012) 
N-Chloroethanolaminea 3(3)d × 10-4  Laingam et al. 
(2012) 
High cytotoxicityc Laingam et al. 
(2012) 
N-Chlorohistaminea 3(3)d × 10-5  Laingam et al. 
(2012) 
High cytotoxicityc Laingam et al. 
(2012) 
N-Chlorolysinea 6(7)d × 10-5 Laingam et al. 
(2012) 
2(0.6)d × 10-4 Laingam et al. 
(2012) 
N-Chloracetamideb 1.78 × 10-3  Kimura et al. 
(2015) 
Not genotoxic Kimura et al. 
(2015) 
N,2-Dichloracetamideb 2.56 × 10-4  Kimura et al. 
(2013) 
5.59 × 10-3 Kimura et al. 
(2013) 
Regulated DBPs     
Chloroformb 9.60 × 10-3  Plewa and Wagner 
(2009) 
Not genotoxic Plewa and 
Wagner 
(2009) 
Bromoformb 4.00 × 10-3  Plewa and Wagner 
(2009) 
Not genotoxic Plewa and 
Wagner 
(2009) 
Bromodichloromethaneb 1.20 × 10-2  Plewa and Wagner 
(2009) 
Not genotoxic Plewa and 
Wagner 
(2009) 
Dibromochloromethaneb 9.60 × 10-3  Plewa and Wagner 
(2009) 
Not genotoxic Plewa and 
Wagner 
(2009) 
Chloroacetic acidb 8.10 × 10-4  Plewa et al. (2010) 6.80 × 10-3 Muller et al. 
(2010) 
Dichloroacetic acidb 7.30 × 10-3  Plewa et al. (2010) Not genotoxic Plewa et al. 
(2002) 
Trichloroacetic acidb 2.40 × 10-3  Plewa et al. (2010) Not genotoxic Plewa et al. 
(2002) 
Bromoacetic acidb 1.0 × 10-5  Plewa et al. (2010) 1.7 × 10-5 Plewa et al. 
(2002) 
Dibromoacetic acidb 5.90 × 10-4  Plewa et al. (2010) 1.8 × 10-3 Plewa et al. 
(2002) 
Haloacetamides     
Chloracetamideb 1.48 × 10-4  Plewa et al. (2008a) 1.38 × 10-3 Plewa et al. 
(2008a) 
Dichloracetamideb 1.92 × 10-3  Plewa et al. (2008a) 7.95 × 10-4 Plewa et al. 
(2008a) 
Trichloracetamideb 2.05 × 10-3  Plewa et al. (2008a) 6.54 × 10-3 Plewa et al. 
(2008a) 
aWIL2-NS cells used for both cytotoxicity and genotoxicity assay, exposure time was 3 hr for both assay. 990 
Cytotoxicity was measured using MTS assay, while genotoxicity was measured using flow cytometry-based 991 
micronucleus assay. 992 
bChinese hamster ovary cells used for both cytotoxicity and genotoxicity assay, exposure time was 72 hr for 993 
cytotoxicity assay and 4 hr for genotoxicity assay. Cytotoxicity was measured using cell chronic cytotoxicity 994 
assay, while genotoxicity was measured using single cell gel electrophoresis assay. 995 
cGenotoxicity not determined due to high cytotoxicity of the compounds. 996 









Fig 2. a) Degradation mechanism of N-chloramines, b) Degradation mechanism of N-1004 






Fig 3. Reaction pathways for the reaction of amino acids and chlorine, adapted from Conyers 1009 
and Scully (1993). N-Chloraldimines were suggested as intermediates for the formation of 1010 
nitriles and aldehydes. 1011 
 1012 
 1013 
Fig 4.	  Reaction pathways for the reaction of aldehydes and inorganic monochloramine, 1014 
adapted from Kimura et al. (2015). N-Chloraldimine was suggested as an intermediate for the 1015 
formation of the nitrile.	  1016 
